The exposure of mantle peridotite to water at crustal levels leads to a cascade of interconnected dissolution-precipitation and reduction-oxidation reactions-a process referred to as serpentinization. These reactions have major implications for microbial life through the provision of hydrogen (H 2 ). To simulate incipient serpentinization under well-constrained conditions, we reacted centimeter-sized pieces of uncrushed harzburgite with chemically modified seawater at 300 °C and 35 MPa for ca. 1.5 yr (13 441 h), monitored changes in fluid chemistry over time, and examined the secondary mineralogy at the termination of the experiment. Approximately 4 mol% of the protolith underwent alteration forming serpentine, accessory magnetite, chlorite, and traces of calcite and heazlewoodite. Alteration textures bear remarkable similarities to those found in partially serpentinized abyssal peridotites. Neither brucite nor talc precipitated during the experiment. Given that the starting material contained ~4 times more olivine than orthopyroxene on a molar basis, mass balance requires that dissolution of orthopyroxene was significantly faster than dissolution of olivine. Coupled mass transfer of dissolved Si, Mg, and H + between olivine and orthopyroxene reaction fronts was driven by steep activity gradients and facilitated the precipitation of serpentine. Hydrogen was released in significant amounts throughout the entire experiment; however, the H 2 release rate decreased with time. Serpentinization consumed water but did not release significant amounts of dissolved species (other than H 2 ) suggesting that incipient hydration reactions involved a volume increase of ~40%. The reduced access of water to fresh olivine surfaces due to filling of fractures and coating of primary minerals with alteration products led to decreased rates of serpentinization and H 2 release. While this concept might seem at odds with completely serpentinized seafloor peridotites, reaction-driven fracturing offers an intriguing solution to the seemingly self-limiting nature of serpentinization. Indeed, the reacted sample revealed several textural features diagnostic of incipient reaction-driven fracturing. We conclude that fracturing must have far reaching impacts on the rates of serpentinization and H 2 release in peridotite-hosted hydrothermal systems.
stabilize native metals and alloys (Chamberlain et al. 1965 ) and reduce CO 2 (Foustoukos and Seyfried 2004; Horita and Berndt 1999; McCollom and Seewald 2001) . Moreover, the release of H 2 can also provide chemolithoautotrophic microorganisms with chemical energy (Brazelton et al. 2012; Perner et al. 2007; Schrenk et al. 2013) .
The mechanisms controlling the release of H 2 can be studied in active and fossil hydrothermal systems, using laboratory experiments, and theoretical models. Field investigations have highlighted numerous factors that influence the composition of hydrothermal fluids, such as rock composition, temperature, pressure, water-to-rock mass ratio, degassing of magmatic volatiles, fluid mixing, phase separation, stable and metastable fluid-mineral equilibria, reaction kinetics, porosity, permeability, and biological activity (e.g., Alt and Shanks 1998; Früh-Green et al. 2003; Ludwig et al. 2006; Pester et al. 2012; Proskurowski et al. 2006; Schmidt et al. 2007 ). Because fluids can integrate several individual reactions involving different rock types along the flow path (Nakamura et al. 2009 ), chemical processes during fluid-rock interactions often remain difficult to reconstruct by field studies alone.
Thermodynamic modeling has been used to augment field studies, in particular to quantify heterogeneous equilibria of complex multi-component systems (Alt and Shanks 2003; Bach et al. 2013; Jöns et al. 2010; Seyfried et al. 2011; Shock and Canovas 2010; Sleep et al. 2004; Wetzel and Shock 2000) . However, thermodynamic models rely on field observations or laboratory experiments to constrain kinetically limited, metastable, and/or permeability-limited reactions. Laboratory experiments offer the advantage that stable and metastable phase equilibria, reaction pathways, reaction rates, and many other parameters can be studied under well-constrained temperature, pressure, and compositional conditions. Powdered reactants are commonly used in serpentinization experiments to allow reactions to proceed on laboratory timescales (e.g., Malvoisin et al. 2012b; Seyfried and Dibble 1980) . However, an inherent drawback of powdered reactants is that effects related to changes in permeability and porosity-key properties in regulating fluid access to primary mineral surfaces (Godard et al. 2013) -cannot be studied.
An intimately linked and still debated question is whether serpentinization is an isovolumetric process associated with mass transfer or whether it occurs via simple hydration that requires a volume increase. Isovolumetric serpentinization implies open system behavior and the removal of Mg, Fe, and Si to accommodate the uptake of water. Thayer (1966) argued that the preservation of primary textures such as euhedral olivine pseudomorphs indicates volume-for-volume replacement and open system behavior (cf. Velbel 2014) . In contrast, Hostetler et al. (1966) and Page (1967) did not find any field evidence for large-scale removal of Mg or Si. Isochemical serpentinization (apart from the addition of water) involves large volume increases, which, depending on the protolith composition can be up to 53% (O'Hanley 1992) . The resulting decrease in permeability has led some to infer that serpentinization represents a self-sealing mechanism (Lister 1974) .
The concept that serpentinization results in decreased permeability is in contrast to the high degrees of serpentinization observed in orogenic, ophiolitic, and abyssal peridotites (Bodinier and Godard 2007; Dick 1989 ). An intriguing explanation for this observation is persistent reaction-driven fracturing, which may create new and reactivate existing pathways for fluid transport (Kelemen and Hirth 2012; Plümper et al. 2012; Rouméjon and Cannat 2014) . Some laboratory experiments suggest that serpentinization at elevated temperatures is a fast process on geological timescales (Malvoisin et al. 2012a; Martin and Fyfe 1970; Wegner and Ernst 1983) , limited only by water access to primary mineral surfaces (Macdonald and Fyfe 1985; Malvoisin and Brunet 2014) . While the use of powdered starting materials in laboratory serpentinization experiments has provided valuable insight by allowing reactions to go to completion, this approach does not permit testing of whether serpentinization is a self-sealing process (Lister 1974) , or whether serpentinization can go to completion via thermal, tectonic, and reaction-driven fracturing (Plümper et al. 2012; Rouméjon and Cannat 2014) . Moreover, it remains unclear how the putative self-sealing nature of serpentinization or fracturing affects rates of mineral dissolution and H 2 release.
With only a few exceptions (e.g., Craddock et al. 2013 ), abyssal peridotites are strongly to completely serpentinized (40-100%), making it difficult to study the earliest stages of serpentinization in seafloor environments. We have conducted an experimental study to investigate the onset of mineral replacement reactions and associated changes in fluid chemistry under well-constrained conditions. We reacted uncrushed harzburgite and modified seawater, monitored changes in fluid chemistry over time, and examined solid reaction products in their textural context. In addition to providing new insights into reactions taking place during the earliest stages of serpentinization (cf. Beard et al. 2009; Godard et al. 2013 ), the results suggest that H 2 release rates are constrained by water access to primary minerals, further supporting the idea that continuous fracturing is required for serpentinization to go to completion.
meThodS and maTerialS

Experimental setup and analytical techniques
The experiment was carried out in a flexible-cell hydrothermal apparatus (Seyfried et al. 1979) consisting of a gold bag with a titanium closure piece, exit tube, and sampling valve. All Ti surfaces in contact with the fluid were oxidized in air at 400 °C prior to the experiment to prevent artificial H 2 release. The flexible reaction cell is enclosed in a stainless steel pressure-containment vessel filled with water, which acts as the pressure medium. The flexible gold bag permits external control of pressure and the elimination of a vapor headspace during the experiment. The titanium sample valve allows periodic removal of fluid during the experiment for chemical characterization.
After loading the reaction cell with 18.19 g of harzburgite and 43.15 g of evolved seawater (compositional details of starting materials are presented below), the reaction cell was pressurized to 35 MPa and heated to 300 °C. When the desired experimental conditions were reached, the system was allowed to react for 13 441 h.
Several aliquots (0.3-0.6 g each, ~3 g of fluid in total per sampling event) of fluid were taken in gas-tight glass syringes on six occasions during the experiment. Quantitative analysis of dissolved H 2 was performed using a gas chromatograph equipped with a thermal conductivity detector. Dissolved cations were analyzed by inductively coupled plasma mass spectrometry (Mg) and ion chromatography (Na, K, Ca). Estimated uncertainties are 2% for Mg, 3% for Na and K, and 5% for Ca. Dissolved Si was measured spectrophotometrically using the heteropoly blue method at a wavelength of 815 nm. The estimated uncertainty was 5%. The pH (25 °C) was measured using a micro-combination electrode. The uncertainty was ca. 0.1 unit of the reported value.
Polished thin sections of the solid starting material and experimental reaction products were prepared in oil at High Mesa Petrographics, Los Alamos, New Mexico, to avoid oxidation of Fe(II)-bearing minerals and dissolution of water-soluble phases. Thin sections were examined optically in transmitted and reflected light with a petrographic microscope. Backscattered electron images of thin sections and rock chips were taken with a Hitachi TM3000 scanning electron microscope, the lowvacuum mode of which permits analysis without carbon coating the sample. Element distribution mapping was conducted with a Bruker Quantax 70 energydispersive X-ray spectrometer coupled to the scanning electron microscope. Mineral compositions were quantified with a JEOL JXA-8530F "HyperProbe" field-emission electron probe microanalyzer (Yale University) operated at 15 kV acceleration voltage and 20 nA beam current. The beam was fully focused for primary silicates and sulfides, but was set to 5-15 mm in diameter for all other phases to avoid beam damage. Counting times for all elements were 20 s except for F, which was analyzed for 120 s. Raw data were corrected using the CITZAF method (Armstrong 1995) . The accuracy and precision of electron microprobe analysis was ca. 1%.
Thin sections and rock chips were analyzed with a Horiba LabRAM HR confocal Raman spectrometer equipped with a 17 mW 633 nm HeNe laser, an astigmatic flat field spectrograph with a focal length of 800 mm, and a multichannel air-cooled (-70 °C) CCD detector. For thin sections, individual spectra were recorded using a 100× objective with a numerical aperture of 0.9. A grating with 600 grooves/mm was used for identification of minerals. A confocal hole diameter of 100 mm was chosen for most analyses. Spectra were collected for 5 s with 3-5 accumulations between 100 and 1300 cm -1 . Magnetic susceptibilities (K) and volumes of solids were measured with a Bartington MS2B sensor and a Micromeritics AccuPyc II He-pycnometer. The calibration accuracy for both instruments was 1%. Loss on ignition (LOI) and bulk rock chemical X-ray fluorescence analysis of powders were carried out at the Peter Hooper GeoAnalytical Lab at Washington State University, Pullman. The estimated uncertainty for major elements is on the order of 1%. To quantify the amount of magnetite present and the distribution, coordination, and oxidation state of iron in secondary minerals, Mössbauer spectroscopic and magnetization measurements were conducted at the Institute for Rock Magnetism at the University of Minnesota (see for more detailed information).
Starting materials
A peridotite xenolith from the Eifel Volcanic Field (Meerfelder Maar, Eifel Volcanic Field, Germany) was used for this study to avoid any pre-existing serpentinization of the starting material ( Figs. 1 and 2) . Mass balancing the bulk major element composition of the starting material as determined with X-ray fluorescence and electron microprobe analysis (Tables 1  1 and 2 1 ) suggests that the peridotite can be classified as a harzburgite consisting of olivine (~70 wt%), orthopyroxene (~25 wt%), clinopyroxene (~4 wt%), Cr-spinel (~0.9 wt%), and traces (<0.1 wt%) of amphibole, glass, and primary sulfides. These mineral abundances are consistent with those estimated from optical thin section and X-ray microtomography (m-CT) image analysis. However, mineral proportions can vary on a thin section scale (Fig. 1) . All primary silicates are relatively uniform in composition and do not show any core-to rim variation as determined from electron microprobe analysis (Table 2 1 ). The harzburgite is moderately fractured (Figs. 1 and 2 ), most likely due to decompression and thermal relaxation during rapid ascent of the xenolith (cf. Klügel and Klein 2006) . Fracture widths range from <1 to 10 mm (Fig. 2) Olivine and orthopyroxene are anhedral to subhedral with grain diameters ranging between 0.3 and 3.0 mm (average of 1.0 mm) and 0.5 and 3.0 mm (average of 0.8 mm), respectively ( Fig. 1 ). Grain diameters of anhedral to euhedral clinopyroxene range between 0.05 and 1.0 mm (average of 0.4 mm). Weakly pleochroic anhedral to subhedral amphibole, 0.1-0.2 mm in diameter, occurs in association with Cr-spinel. It remains unclear whether amphibole is a primary mineral formed during melt-rock interaction with the volcanic host, or if it formed as a result of post-magmatic alteration (cf. O'Connor et al. 1996) . In some instances, amphibole is associated with small amounts of light yellow to reddish brown glass as linings of vugs around spinel, tentatively indicating that it formed during melt-rock interaction. Detailed thin section analysis did not reveal any phlogopite in the samples, although traces of Ti-rich phlogopite are present in some mantle xenoliths from the Meerfelder Maar (Witt-Eickschen et al. 1998 ).
The measured density of the starting material was 3.326 g/cm 3 and there was no detectable loss on ignition. While Mössbauer analysis revealed no detectable Fe(III), the magnetic susceptibility (SI) of the starting material was 12.86, suggesting that trace amounts of ferromagnetic minerals were present in the starting material.
The harzburgite xenolith was cored with a diamond drill bit and cut with a diamond saw blade into six pieces (each having a volume of ~1 cm 3 ) to recover fresh cohesive material. The pieces were then thoroughly rinsed in deionized water and stored in a drying oven at 40 °C until loaded into the hydrothermal apparatus.
In the experiment, we reacted the harzburgite with an aqueous fluid of seawater chlorinity devoid of Mg and SO 4 and enriched in Ca and K (Table 3 1 ). This fluid chemistry was designed to represent seawater that had evolved during low-temperate alteration of rocks and precipitation of secondary minerals in recharge zones of mid-ocean ridge environments (Mottl 1983) .
reSulTS
Fluid chemistry
During the course of the experiment, some aqueous species concentrations remained relatively constant while others were characterized by relatively large changes ( Fig. 3 and Table 3   1 ). The pH (25 °C) increased from 6.3 at the beginning of the experiment to 9.0 at its termination. The concentrations of dissolved Na, K, and Mg did not change significantly with time. In contrast, the concentration of dissolved Ca decreased from 30.5 to 27.6 mmol/kg during the experiment. After an initial increase in the concentration of Si from below detection in the starting fluid to 0.64 mmol/kg in the first sample at 122 h, its concentration decreased to 0.05 mmol/kg after 13 441 h of reaction.
The measured concentration of H 2(aq) increased to 7.7 mmol/kg by the end of the experiment; however, the rate of H 2(aq) concentration increase was not uniform throughout the experiment (Fig.  4) , being fastest early during the experiment and then decreasing significantly over time.
Petrographic observations
Petrographic observations are summarized in Table 4 1 . Thin section image analysis of the reacted harzburgite revealed that ~5 vol% of the rock consists of secondary minerals formed during the experiment. The extent of serpentinization was greatest on the exterior rock surface and decreased toward the center of the rock. Reaction rims around primary minerals on the exterior rock surface are generally thicker than reaction rims located along internal fractures. Primary minerals are partly replaced or overgrown by secondary minerals. Primary silicates, including olivine and orthopyroxene, show abundant indications of dissolution such as lenticular etch pits, cone-shaped etch pits, en echelon (sawtooth) etch pits, and denticles (Figs. 5e, 5f, 6e, and 6f). Some dissolution features reveal a preferred orientation and an almost equidistant periodicity (Fig. 6e) . In numerous instances, intragranular fractures initiate at cone-shaped etch pits similar to those observed in partially serpentinized abyssal peridotite (Figs. 6f and 7f; cf. Plümper et al. 2012) . Cr-spinel and clinopyroxene do not show any visible signs of dissolution (Figs. 6c, 7d, and 7e) .
Inspection of the reacted rock exterior revealed a reaction rim consisting of lizardite + chrysotile ± magnetite ± chlorite ± calcite (Figs. 5 and 6). The mineralogy of the reaction rim varies systematically with its precursor mineral (Fig. 4a) . Olivine is covered by a layer mainly consisting of lizardite intergrown with accessory magnetite (Figs. 5c and 6a) . The latter is also found directly at the olivine surface. In contrast, lizardite forms a monomineralic layer covering orthopyroxene. In both instances, the lizardite layer is overgrown by chrysotile, which forms the outermost layer (Figs. 6a, 6b , and 6g). Chrysotile is often intergrown with lizardite and minor chlorite forming cactus-like protrusions (Figs. 5a and 5b) . In most areas, the thickness of the reaction rim around olivine and orthopyroxene varies between 50 and 70 mm (Figs. 6a, 6b , 6c, and 6g); however, some embayed areas measure up to 0.5 mm. While clinopyroxene appears to be unaltered, it is in places overgrown by a thin (~5-10 mm) layer of polyhedral serpentine and magnetite filling void spaces overgrown by chrysotile (Fig. 7d) . Lizardite, chrysotile, and polyhedral serpentine form geode-like compartments on the rock exterior and host sub-to euhedral magnetite (Figs. 5a and 5c). Chrysotile fibers are about 0.1 to 0.2 mm thick and are up to several tens of micrometers long (Figs. 5b, 5a , and 5g). Subhedral magnetite, ca. 1 to 40 mm in diameter (Figs. 5 and 6), and euhedral calcite crystals (ca. 5 to 200 mm in diameter, Figs. 5d and 7c), are embedded in the serpentine matrix. In contrast to magnetite, calcite is found exclusively on the exterior rock surface. In a few instances, the walls of geode-shaped features hosted by spinel, clinopyroxene, and accessory amphibole are coated with euhedral chlorite (Fig. 5g) . Chlorite in geodes likely formed at the expense of amphibole as clinopyroxene and spinel (Figs. 7d and 7e) appear to be unaltered.
Thin section examination of the rock interior reveals incipient replacement textures after olivine (mesh texture, Fig. 6d ) and orthopyroxene (bastite texture, Fig. 6g ). Mesh texture is mainly composed of lizardite and minor magnetite, whereas brucite is lacking. In numerous instances magnetite formed directly at the olivine surface (cf. Beard et al. 2009; Frost et al. 2013 ) during incipient serpentinization (Figs. 6a, 6b , 6e, 6f, and 7e). Bastite texture features intergrowths of lizardite and chlorite, but lacks magnetite and talc. Contacts between mesh and bastite texture are remarkably sharp (Fig. 6b) .
The width of veins ranges from <1 to ~100 mm and decreases away from the rock surface toward the rock interior (e.g., Fig.  6e ). High-resolution confocal Raman spectroscopy revealed that veins cross-cutting olivine are composed of lizardite (Fig. 8 ) and accessory magnetite, but lack brucite (cf. Beard et al. 2009; Frost et al. 2013) . Magnetite grains in veins are smaller and less abundant than on the rock exterior; anhedral and irregularly distributed. They precipitated directly at the olivine surface and within the serpentine vein matrix. Where an Al-and Si-rich glassy melt film was present between two adjacent olivine grains (cf. O'Connor et al. 1996) , traces of chlorite formed together with lizardite in the vein center. Veins cross-cutting pyroxene are composed of lizardite and chlorite. Neither magnetite nor talc formed at the expense of orthopyroxene.
Primary sulfides consisting of pentlandite ± pyrrhotite are irregularly distributed within the rock. Where fluid accessed primary sulfide, heazlewoodite ± magnetite precipitated (Fig.  7b) . Heazlewoodite is also found in veins and possibly formed from Ni and S released during dissolution of olivine (Fig. 5f ). Pentlandite is found together with magnetite; however, it remains unclear whether pentlandite was in equilibrium with magnetite (Fig. 7a) . No evidence was found that awaruite, a common Ni-Fe alloy found in partly altered serpentinite ), formed during the experiment.
Composition of secondary minerals
Lizardite and chrysotile do not reveal systematic compositional differences that are discernible by electron microprobe analysis. Conversely, systematic compositional differences exist between serpentine forming at the expense of olivine and orthopyroxene, and between serpentine from the exterior rock surface and the interior (Fig. 9, Table 5 ). On the rock exterior, serpentine (lizardite and chrysotile) after olivine is on average Fe-poor (Mg# 97), while serpentine after orthopyroxene is on . Electron microprobe analysis of serpentine after olivine and serpentine-chlorite intergrowths after orthopyroxne in different rock textures and domains. The terms "bastite" and "mesh" refer to pseudomorphic replacement textures after orthopyroxene and olivine, respectively. average richer in Fe (Mg# 95), Al, and Cr. In contrast, serpentine from the rock interior has lower Mg#s after olivine (~95) and after orthopyroxene (~92). Serpentine in bastite texture on the exterior rock surface is depleted in Fe relative to its precursor and forms sharp boundaries with serpentine after olivine (Fig.  6b) . Chlorite has a Mg# of ~90-91 regardless of its proximity to olivine, orthopyroxene, or the rock exterior. Electron microprobe analysis of bastite texture in the rock interior revealed substantially higher Al contents compared with bastite on the rock surface, which can be attributed to variable contents of chlorite interwoven with serpentine. Magnetite shows negligible compositional variations with scanning electron microscope energy-dispersive spectroscopy. Heazlewoodite is nearly of end-member composition with minor impurities of Fe (2.2-3.9 wt%) and Co (0.25-0.34 wt%). Calcite is virtually pure (Table  5 ) with only traces of MgO (0.04 wt%) and FeO (0.02 wt%).
Magnetite abundance
The magnetic susceptibility increased from SI (× 10 -5 ) = 12.86 to 72.23 and saturation magnetization increased from 3.4154e-7 to 3.431e-5 Am 2 , consistent with the precipitation of magnetite during the experiment. No other ferromagnetic minerals were formed. Magnetization measurements suggest that the bulk rock magnetite content was 0.19 wt% after 13 441 h of reaction. Because the bulk sample contained only ~5 vol% of relatively Fe-poor serpentine and only a fraction of the Fe in serpentine was ferric, the bulk Fe(III) was below the detection limit of Mössbauer spectroscopy [~1% bulk Fe(III)].
diScuSSion
Serpentinization progress
Serpentinization leads to a decrease in rock density as higher density primary minerals are replaced with lower density secondary minerals (except for magnetite, Ni-Fe sulfides, and alloys). The extent of serpentinization can be roughly approximated using the empirical relation r = 3.30-0.785 S, with r being the rock density and S being the fraction of rock that has been serpentinized (Miller and Christensen 1997) . During our experiment, the rock density decreased from an initial value of 3.326 g/cm 3 to 3.258, which based on the empirical relation yields S ≈ 5%.
To get an independent estimate for the extent of alteration, we employed a linear relationship between saturation magnetization (Js) and extent of serpentinization (S): Js = 8.979 × 10 -4 × S (Malvoisin et al. 2012b ). Using this relationship, the increase in the measured magnetization saturation during the experiment, Js end -Is initial = 3.397 × 10 -5 Am 2 suggests that 3.8% of the protolith underwent serpentinization.
Dissolution rates of primary silicates can be estimated by the release of elements to solution as a function of time (Wogelius and Walther 1991) . In our experiment, dissolved Mg, Fe, and Si released by dissolution of olivine and orthopyroxene were immediately consumed during precipitation of serpentine, magnetite, and chlorite, precluding their use for rate estimates. In contrast, H 2 released to solution, as Fe(II) in primary minerals was oxidized to Fe(III) in serpentine and magnetite, is not consumed during mineral precipitation. Therefore, H 2(aq) release Klein et al. 2014; Marcaillou et al. 2011) , complete serpentinization of 18.19 g peridotite at the experimental conditions would release ~6.4 mmol H 2(aq) . After correcting for the amount of H 2 -bearing fluid removed during each of the six sampling occasions (Table 3 1 ), the total amount of H 2 released after 13 441 h of reaction was 0.24 mmol, suggesting that ~3.8 mol% of the protolith underwent serpentinization. This value is consistent with the reaction extent estimated from magnetization saturation measurements. Factoring in a volume increase of 40% during serpentinization (see below) these estimates are consistent with thin section observations, but are slightly lower than density changes would suggest.
Most laboratory serpentinization experiments used powdered reactants, making a straightforward comparison of reaction progress with our estimates difficult. Malvoisin and Brunet (2014) reacted a sintered San Carlos olivine aggregate with water at 300 °C and 50 MPa for 6956 h. About 2.66% of the olivine underwent serpentinization, suggesting that, despite some apparent differences in protolith composition, overall reaction rates were similar to those in our experiment.
Mass transfer
Serpentinization involves many chemical components, but the basic mechanisms can be understood by considering the following reactions in the system MgO-SiO 2 -H 2 O (Bowen and Tuttle 1949; Johannes 1968; Kitahara et al. 1966) In a closed system, serpentinization of forsterite leads to the formation of serpentine and brucite (reaction 2), whereas serpentinization of enstatite leads to the formation of serpentine and talc (reaction 3). If forsterite and enstatite undergo simultaneous serpentinization at a 2:1 molar ratio, neither brucite nor talc is formed and the only reaction product is serpentine (reaction 4). Indeed, our experiment produced mainly serpentine without any talc (Fig. 6g) or brucite (Fig. 8) , and H + between the olivine and orthopyroxene reaction fronts. To evaluate mass transfer during the experiment, we calculated the in situ speciation of analyzed fluid compositions using the software code EQ3/6 (Wolery 1992) and plotted the computed values in an activity-activity diagram (Fig. 10) . This diagram was constructed using equilibrium constants calculated with the software code SUPCRT92 (Johnson et al. 1992 ) and assuming a water activity of 1. Detailed information about thermodynamic data, activity models, etc., used in the calculations has been published elsewhere McCollom and Bach 2009 ).
The main driving force for SiO 2(aq) mass transfer is a steep activity (a) gradient between reactions 5 [equilibrium log a SiO2(aq) = -5.681] and 6 [equilibrium log a SiO2(aq) = -0.873] at the experimental conditions. Speciation calculations of in situ fluid compositions reveal log a SiO2(aq) values ranging from -3.2 to -4.3, which plot between reactions 5 and 6 (Fig. 10) , consistent with SiO 2(aq) released by reaction 6 being consumed by reaction 5. As for the steep gradient in a SiO2(aq) between reactions 5 and 6, there are steep gradients in the activities of Mg 2+ and H + (pH) between reactions 7 and 8. At the experimental conditions, equilibrium values of log(a Mg2+ /a 2 H+ ) for reactions 7 and 8 are 7.96 and 4.75, respectively, assuming pure Mg-end-member minerals and a water activity of 1. The calculated in situ pH values ranged between 5.2 and 6.2. Speciation calculations of in situ fluid composition reveal log (a Mg2+ /a 2 H+ ) values between 5.0 and 6.9, consistent with Mg 2+ released by reaction 7 being consumed by reaction 8, and with H + released by reaction 8 being consumed by reaction 7. Thus, it appears that mass transfer was coupled and proceeded in both directions between olivine and orthopyroxene reaction fronts.
Clinopyroxene does not show any obvious signs of dissolution (Figs. 6c and 7d) suggesting that it did not have a significant impact on mass transfer during the onset of serpentinization at the experimental conditions. Formation of serpentine according to reaction 4 requires the reaction of 2 mol of forsterite for each mole of enstatite reacted. Because the starting material had ~4 times more olivine than orthopyroxene on a molar basis, and given that Mg and Si released during dissolution of both minerals were immediately consumed by serpentine precipitation, orthopyroxene must have reacted significantly faster than olivine to fulfill the mass balance. However, since olivine/orthopyroxene mass ratios vary on a millimeter to centimeter scale, it remains difficult to further constrain individual reaction rates from our experiment.
Reaction pathways during serpentinization
Thermodynamic phase relations suggest that complete serpentinization of peridotite leads to the formation of serpentine + brucite ± magnetite (in addition to several accessory minerals) McCollom and Bach 2009) , and that this would have been the final mineral assemblage had the experiment gone to completion. However, the experimental results show that incipient serpentinization at the experimental conditions did not involve the formation of brucite, indicating that serpentinization must be regarded as a sequence of individual reactions that define a reaction path (cf. Bach et al. 2004 Bach et al. , 2006 .
As discussed in the previous section, mass-balance constraints require that orthopyroxene dissolution is significantly faster than dissolution of olivine at temperatures of ~300 °C. Because orthopyroxene is less abundant than olivine in peridotite, orthopyroxene will be exhausted from the equilibrium mineral assemblage first. Once orthopyroxene approaches exhaustion, dissolution of olivine will dominate and result in the formation of serpentine and brucite (plus magnetite) as depicted in reaction 2 until olivine is exhausted. The final assemblage of secondary minerals will therefore include serpentine, brucite, and magnetite (in addition to traces of other minerals).
This reaction path is only valid for temperatures close to 300 °C and peridotite protolith compositions. Serpentinization can take place at temperatures >350 °C, as evidenced by direct temperature measurements of fluids emanating from the ultramaficinfluenced Logatchev, Nibelungen, and Rainbow hydrothermal fields (Douville et al. 2002; Schmidt et al. 2007 Schmidt et al. , 2011 . Allen and Seyfried (2003) reacted powdered lherzolite with a NaCl-MgCl 2 bearing fluid at 400 °C and 50 MPa for 1462 h and found that orthopyroxene and clinopyroxene were coated with alteration products, but olivine surfaces appeared unaltered. Indeed, while it is predicted that olivine is part of the equilibrium mineral assemblage in the presence of water at ~400 °C (e.g., ), orthopyroxene and clinopyroxene are unstable at these conditions. The reaction pathway of serpentinization at 400 °C is therefore very different from that at 300 °C and will be dominated by the precipitation of serpentine, talc, tremolite, and chlorite at the expense of pyroxene. Once pyroxene is exhausted from the equilibrium mineral assemblage, serpentinization ceases unless the temperature decreases and olivine becomes unstable in the presence of water.
Lower temperatures of serpentinization of 250 °C or less are expected in areas where magma-supply and thus heat is limited, such as in off-axis hydrothermal systems like Lost City (Foustoukos et al. 2008; Kelley et al. 2001) , forearc settings of subduction zones (Fryer 2012) , and along magma-poor continental rifted margins (e.g., Klein et al. 2014) . At these temperatures, the presence of relict orthopyroxene and brucite in the alteration mineral assemblage may indicate that olivine dissolution was faster than orthopyroxene dissolution (cf. Martin and Fyfe 1970) . If this is true, then olivine may be consumed during serpentinization before orthopyroxene. Once olivine approaches exhaustion from the primary mineral assemblage, the dissolution of remaining orthopyroxene will dominate the reaction path. Its dissolution provides excess silica, which is available to react with some of the brucite to form additional serpentine and possibly magnetite Beard et al. 2009 ). Although the final secondary mineral assemblage would be the same as that for serpentinization at 300 °C, the pathway is markedly different. It is important to note that magnetite formation is limited during serpentinization of peridotite at temperatures lower than ~200 °C, because Fe is preferentially taken up by brucite (Klein et al. , 2014 Seyfried et al. 2007 ).
Serpentinization in different rock domains
The exterior rock surface and the rock interior reveal mineralogical, chemical, and textural differences. For example, secondary minerals on the rock exterior show well-developed crystal habits, whereas those within the rock do not. Euhedral calcite is present on the rock exterior but did not precipitate in the rock interior. It precipitated from the bulk solution surrounding the rock, which was apparently saturated with calcite, in contrast to fluid in the rock interior. It is noteworthy that calcite precipitated at all, since conditions in the surrounding fluid were relatively reducing. However, it remains unclear what condition hindered calcite from precipitating within the rock. Differences in the compositions of serpentine from the rock exterior and interior (Fig. 9 ) may reflect distinct fluid-to-rock mass ratios (F/R) and differences in fluid chemistry. predicted changes in fluid chemistry, mineralogy, and mineral chemistry as a function of F/R for serpentinization of harzburgite. Serpentine is predicted to become richer in Fe with decreasing F/R. Indeed, field studies suggest that lizardite in veins formed during rock-dominated serpentinization is Fe-rich relative to chrysotile in veins formed under open system conditions (Beard et al. 2009; Frost et al. 2013) . Chrysotile in the rock exterior may have formed under similar conditions, with slowly moving or stagnant pore fluids in fractures. In contrast, serpentinization of the rock interior possibly occurred at conditions similar to those in rock-dominated domains, away from larger fractures in hydrothermal systems. FiGure 10. Activity-activity diagram for the system CaO-MgOSiO 2 -H 2 O at 300 °C and 35 MPa calculated with the software code SUPCRT92 (Johnson et al. 1992 ) assuming a H2O = 1. The speciated activities of measured fluid compositions fall in the chrysotile field (representative of serpentine). Sample numbers refer to those listed in Table 3 1 . The dashed red lines depict the SiO 2(aq) activities for metastable equilibrium according to reactions 5 and 6. The blue line denotes the solubility of quartz. Note that monticellite does not occur in serpentinite. Its formation is therefore suppressed. (Color online.)
Hydrogen release, volume changes, and reaction driven fracturing
The concentrations of H 2 released during serpentinization have been measured in several previous laboratory experiments (Allen and Seyfried 2003; Berndt et al. 1996; Jones et al. 2010; Mayhew et al. 2013; McCollom and Seewald 2001; Neubeck et al. 2011; Seyfried et al. 2007 ).
Comparison of the results presented here with previous studies at 200 and 400 °C conducted in flexible gold bag reaction vessels show similar temporal trends (Fig. 4) . It is important to note, however, that the absolute values of measured H 2 concentrations are not directly comparable due to differences in starting materials, grain sizes, fluid-to-rock mass ratios (F/R), and temperatures. In most experiments, H 2 concentrations increase with time and extent of serpentinization. There is no clear distinction between experiments using powdered olivine and peridotite as initial reactants. A comparison of the H 2 concentrations measured by Berndt et al. (1996) and suggests that the release rate of H 2 is strongly influenced by grain size (surface area) of the starting materials (cf. Malvoisin et al. 2012b) . A common feature of some experiments is that aqueous H 2 concentrations increase rapidly shortly after the beginning of an experiment, as primary mineral surfaces are directly exposed to the interacting fluid. The rate of increase in H 2 concentration decreases significantly with time. This behavior is most pronounced in our experiment. The decreased rate of H 2 production cannot be explained with exhaustion of reactants, because primary silicates were present until the experiment was terminated. Moreover, olivine and orthopyroxene remained far from equilibrium throughout the experiment (Fig. 10) . Therefore, other mechanisms must have caused the decreased H 2 release rate. Thin section petrography revealed filling of fractures and coating of primary mineral surfaces suggesting reduced fluid access to primary minerals with time and reduced rates of serpentinization and H 2 generation. Godard et al. (2013) reached similar conclusions based on flow-through serpentinization experiments that involved sintered olivine as the starting material.
In our experiment, serpentinization reactions consumed water but did not release significant amounts of dissolved species other than H 2 . Thus hydration reactions must have led to a substantial volume increase. Again, because neither brucite nor talc formed during the experiment, it follows that incipient serpentinization was dominated by reaction 4 during our experiment. The volume increase for this reaction is ca. 40%, which accounts for the observed fracture filling.
The self-sealing behavior of serpentinization is at odds with field observations of high degrees of serpentinization of abyssal peridotites. However, MacDonald and Fyfe (1985) proposed that volume expansion leads to buildup of stress and episodic cracking that creates permeability and provides water access to fresh mineral surfaces. Thin section petrography suggests that grain boundaries and cracks already present in the protolith (Figs. 1 and 2) were preferentially exploited by serpentinization reactions (cf. Rouméjon and Cannat 2014) . The stress increase due to volume expansion was sufficient to induce further cracking during our experiment, in particular along cone-shaped etch pits (e.g., Figs. 6f and 7f) . These etch pits and associated fractures were not observed in the starting material (Fig. 2) , suggesting the creation of new fluid flow paths during the experiment.
implicaTionS
The results of our laboratory experiment provide new insights into geochemical processes during incipient serpentinization of peridotite at conditions representative of hydrothermal subseafloor reaction zones. Our experimental results imply that orthopyroxene reacts significantly faster than olivine at temperatures of ~300 °C, which precludes brucite formation early during serpentinization. This result implies that serpentinization of peridotite at similar conditions proceeds in two consecutive steps. First, serpentine and minor amounts of magnetite and chlorite form at the expense of olivine and orthopyroxene. Second, once the less abundant orthopyroxene approaches exhaustion, dissolution of olivine will produce serpentine, brucite, and magnetite. While this is the same alteration assemblage produced by serpentinization at lower temperatures, the reaction pathways are different due to variations in thermodynamic phase relations and dissolution kinetics of primary minerals.
Serpentine precipitation during incipient alteration of peridotite appears to be mediated by coupled mass transfer of SiO 2(aq) , Mg
2+
, and H + along steep activity gradients between the olivine and orthopyroxene reaction fronts. Dissolved Si and Mg released during dissolution of olivine and orthopyroxene were consumed by precipitating serpentine, further supporting the idea that serpentinization can involve a significant increase in volume and a decrease in permeability.
Our experimental results imply that the release rate of H 2 is limited by water access to primary mineral surfaces and that serpentinization is, to some extent, a self-sealing process. However, many abyssal peridotites are strongly fractured and completely altered suggesting that fracturing promotes water ingress and allows serpentinization to progress rapidly relative to geological timescales. Fracturing may therefore have farreaching implications for the rate of H 2 production in subseafloor serpentinization systems.
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